A contaminated drinking water distribution network can be responsible for major outbreaks of infections. In this study, two chemical decontaminants, peracetic acid (PAA) and chlorine, were used to test how a laboratory-scale pipeline system can be cleaned after simultaneous contamination with human adenovirus 40 (AdV40) and Escherichia coli. In addition, the effect of the decontaminants on biofilms was followed as heterotrophic plate counts (HPC) and total cell counts (TCC). Real-time quantitative polymerase chain reaction (qPCR) was used to determine AdV40 and plate counting was used to enumerate E. coli. PAA and chlorine proved to be effective decontaminants since they decreased the levels of AdV40 and E. coli to below method detection limits in both water and biofilms. However, without decontamination, AdV40 remained present in the pipelines for up to 4 days. In contrast, the concentration of cultivable E. coli decreased rapidly in the control pipelines,
INTRODUCTION
The contamination of the drinking water distribution network with waterborne pathogens poses a great threat to public health. Pipelines in the distribution network are a favourable environment for microbial growth and therefore the occurrence of biofilms on the inner surfaces of the pipelines is a common phenomenon. Biofilms are considered as a complex collection of living, nonviable and dead microorganisms together with extracellular polymeric substances as well as organic and inorganic matter (Costerton et al. ) . Biofilms provide attachment sites and shelter for microbes against disinfectants and are thus considered a good indicators of human sewage pollution (Pina et al. ) . Escherichia coli is the most commonly used and best known bacterial indicator of the hygienic quality of drinking water and the presence of E. coli is an indication of fresh faecal pollution (Edberg et al. ; Tallon et al.
).
Numerous studies have tested various methods for the inactivation of microbes. These studies have revealed differences in the persistence of different microbes. In general, enteric viruses are known to be more resistant to disinfection procedures than bacteria (Sobsey ) . Adenoviruses can survive for long periods in aqueous environments and exhibit good thermal stability (Enriquez et al. ) . They are also extremely resistant to UV light and adenovirus 40 is the most UV-resistant waterborne pathogen known (Hijnen et al. ) . The survival of cultivable E. coli is considered to be negligible compared to the survival of enteric viruses (Leclerc et al. ) . However, more information is needed to understand microbial behaviour in aquatic environments and systems, e.g. distribution networks, in relation to decontamination practices. In the present study, the persistence of human adenovirus 40 (AdV40) and E. coli was evaluated in drinking water and biofilms in an experimental pipeline system. In addition, the effects of PAA and free chlorine against biofilms and selected microbes spiked into this system were assessed.
MATERIALS AND METHODS

Preparation of the contaminant
The persistence of faecal microbes in drinking water pipelines was studied employing enteric human AdV40 and faecal bacterium E. coli. Besides the stock of AdV40 strain Dugan (ATCC VR-931), the strain was also propagated in 293 cells as described by Mautner () . Briefly, 293 cells were grown in 75-cm 2 cell culture flasks in monolayers at 37 W C and 5% CO 2 . The cells were infected with a 10-fold virus dilution and the viruses were allowed to adsorb for 1 h at 37 W C before medium was added. Infected cells were pooled and harvested after incubation for 5À7 days. Viruses were released by three freeze-thaw cycles and collected by centrifugation (1,500 g for 2 min). AdV40 serotype was confirmed by sequencing.
An environmental E. coli strain isolated from faecally contaminated drinking water during a waterborne outbreak in the town of Nokia, Finland, in December 2007 (Laine et al. ) was used. The E. coli strain was cultured aerobically at 36 ± 2 W C on tryptone soya agar (Oxoid), and the contaminant suspension was prepared in nutrient broth, washed and centrifuged as previously described (Lehtola et al. ) . The strains were stored at À75 W C or lower.
Pipeline set up and sampling
Two parallel pipeline systems were constructed for the study, one for decontamination and the other as a nondecontamination control (Figure 1 ). Each pipeline system was constructed from 24 individual polyvinyl chloride (PVC) pieces (diameter 10 mm, length 10 cm) which were connected in line and could be collected separately. Before use, the pipes were chlorinated (20 mg/L, 20 min) and rinsed with distilled water and they were replaced by new ones between the experiments. The inlet water of the pipeline system was the tap water of the city of Kuopio, Finland, which contained 0.05 mg/L chlorine on average (standard deviation of 0.03 mg/L).
The chlorine was not quenched before the pipeline systems to provide as authentic conditions as possible.
Water flow through the pipelines was kept as 0.2 L/min by rotameters located before both pipeline systems. Biofilms in the pipelines were allowed to grow for 4 weeks by running systems with tap water to attain the conditions corresponding to the steady state. This stabilization of biofilm growth was checked by heterotrophic plate counts (HPC) and total cell counts (TCC), which were analysed every week before the start of the experiment. At every sampling point, single water samples and two to four replicate 10 cm PVC pieces for biofilm analyses were taken from both pipeline systems at the same time. Biofilms were detached using glass beads as previously described (Zacheus et al. ) . Briefly, glass beads were added into the pipe and then vortexed for 10 min. The pipe was rinsed with 5 ml of sterile distilled water, which was combined with the vortexed water sample. 
Virological analysis
Sample preparation
Adenoviruses were concentrated from the water samples by the adsorption-elution method described by Gilgen et al. 
Plasmid standard for quantitative real-time PCR
A 379-bp fragment of the hexon region of human AdV40
(Dugan-strain) was amplified using the forward primer 
). The insert was cloned into a pGEMT-Easy vector
and transformed into JM109 competent cells using the pGEMT-Easy Vector System II kit (Promega) according to the manufacturer's instructions. The concentration of PstIlinearized plasmid was determined using the NanoDrop ND-1000 spectrophotometer (Thermo Scientific) and a standard curve generated with triplicate reactions of dilutions ranging from 10 1 to 10 8 genome copies.
Gene amplification
The primer and probe sequences that recognized the adenovirus hexon gene region were according to Jothikumar et al.
(). Real-time polymerase chain reaction (PCR) assays
were carried out in a Rotor-Gene™ 3000 real-time rotary analyser (Qiagen) as previously described (Maunula et al. ) .
All samples were run in duplicate and with 10-fold dilutions.
Negative and positive controls were included in each assay.
The amount of DNA was defined as the average of the data obtained. The theoretical detection limit for adenovirus in water samples was 10 GC/L and in biofilm samples 22 GC/ cm 2 . In log removal calculations, the theoretical detection limit values were used when a result that was below detection limit was observed.
Bacteriological analysis
E. coli was analysed on Chromocult ® Coliform Agar (CC, Merck, Germany) at 36 ± 2 W C for 21 ± 3 h according to the manufacturer's instructions and the international standard ISO 8199 () using spread plating and membrane filtration techniques. The detection limits for E. coli were 1 cfu/0.5 L in water samples and 0.1-0.2 cfu/cm 2 in biofilm samples. In log removal calculations, the theoretical detection limit values were used when a result that was below detection limit was observed.
HPC in water and detached biofilms were analysed with a spread plating method on R2A-agar (Difco, USA). R2A medium was incubated for 7 days at 22 ± 2 W C before colony counting. Total cell counts of water and biofilm samples were analysed with 4 0 ,6-diamidino-2-phenylindole (DAPI) staining: the sample was filtered on black 0.2 μm Nuclepore membranes (Whatman, UK) and stained with 5 μg/ml DAPI for 15 min prior to counting by epifluorescence microscopy (Olympus BX51, Olympus Co. Ltd, Japan).
Statistical analyses
The statistical differences were calculated using the Independent-Samples Mann-Whitney U Test with the SPSS 19.0 program for Windows. The method detection limit values were used when the number of organisms was considered to be below the detection limit. Differences were considered significant if p-value was < 0.05.
RESULTS
PAA experiment
Water samples showing no notable alteration between PAA-treated and control pipelines (Figure 3(a) ).
Biofilm samples
The findings of AdV40 and E. coli in biofilms are presented in Table 1 . Both microbes were effectively removed from the PAA-treated biofilms. Only one sample was detected as being positive for AdV40 after 1 h PAA decontamination.
In the PAA-treated line, the difference in concentrations between the samples before (n ¼ 6) and after (n ¼ 9) the treatment was statistically significant for both AdV40 (p ¼ 0.002) and E. coli (p ¼ 0.005). In the control line, all parallel biofilm samples were positive for AdV40 until the end of the experiment, though E. coli was not detectable 48 h following contamination. In the control line, the average log removal of AdV40 over the course of the experiment was 0.3, compared to >3.3 log removal for E. coli; the difference in concentrations in the samples taken before (n ¼ 6) and after (n ¼ 8) the time of decontamination were not signifi-
PAA decreased the HPC in biofilms by 2.1 logs during the first day and attained an approximately 3.4 log decrease between the start and the end of the experiment (Figure 4(a) ).
The effect of PAA was statistically significant between the samples before (n ¼ 6) and after (n ¼ 9) the decontamination (p < 0.001). In the control line, HPC remained constant showing no significant difference in concentrations between the samples before (n ¼ 6) and after (n ¼ 9) the time of decontamination (p ¼ 0.53). Again, the TCC in biofilms were stable in both the PAA decontaminated and control line and only slight increase in concentrations were noted in both lines during the experiment (Figure 4(a) ). This small increase between the samples before (n ¼ 6) and after (n ¼ 9) the time of decontamination was statistically significant in the control line (p ¼ 0.04), but not in the decontaminated line (p ¼ 0.08).
Chlorine experiment
Water samples
In the chlorine experiment, the level of AdV40 decreased by 1.5 and 4.2 logs in the outlet water of decontamination and non-decontamination control pipelines, respectively, during the first day (Figure 2(b) ). Within the same period of time, E.
coli decreased by 7.5 and 7.6 logs. The chemical added into the decontamination line further lowered the concentration of AdV40 during the first hour by 2.6 logs, while E. coli was decreased to below the detection limit of the method. HPC of the outlet water at the chlorine experiment was elevated in both pipelines after contamination but declined rapidly to near to the starting point levels (Figure 3(b) ).
The chlorine treatment had a clear effect on the HPC after the first day of decontamination decreasing the amount by 2.5 logs. On the other hand, chlorine did not appear to have an effect on the TCC of the outlet water. The total effects of chlorine on HPC and TCC could not be accurately determined since the chlorination problem occurred. Table 2 illustrates the results of the biofilm samples in the chlorine experiment. AdV40 and E. coli were readily removed from the decontaminated biofilms except for one of three parallel biofilm samples when E. coli was found 1 h after chlorine treatment. In the chlorine-treated line, the difference in concentrations between the samples before (n ¼ 7) and after (n ¼ 12) the treatment was statistically significant for both AdV40 (p < 0.001) and E. coli (p < 0.001). In the control line, almost all parallel samples were positive for AdV40 and this was still detectable at the end of the experiment as was E. coli, which was, however, detected less frequently and only in low concentrations. In the control line, the average log removal for AdV40 was 1.1 during the experiment, as compared to over 2.5 log removal for E. coli. Statistically significant differences were noted in concentrations between the samples before (n ¼ 7) and after (n ¼ 11-12) the time of treatment for both 
Biofilm samples
DISCUSSION
It is well recognized that contaminated water and pipe biofilms pose a potential health risk to the consumer but the exact importance of biofilms for water safety is still poorly understood (Skraber et al. ) . There is also lack of information on best practices to manage contaminated distribution networks. In this study, a relatively short pulselike contamination and subsequent decontamination was modelled in a preconditioned laboratory-scale pipeline system. The pathogenic human AdV40 and faecal bacterium E. coli were shown to be susceptible to both PAA and chlorine decontamination. The data revealed that AdV40 and E.
coli can be removed effectively by the experimental concentrations of these decontaminants since they were not detected in biofilm and water samples after measuring points of 1 h (biofilm) and 48 h (water) from the start of the decontamination. However, without decontamination water. In this study, the potency of both decontaminants was evident. Some differences were noted between the decontamination capacity of PAA and chlorine against AdV40 though the observed log removals did not differ substantially. With chlorine, it took from 24 to 48 h to decontaminate outlet water whereas with PAA, the water was decontaminated within 24 h. On the other hand, with PAA one parallel biofilm sample was AdV40 positive after 1 h decontamination whereas at that same time, the chlorine-treated biofilm was decontaminated.
The counts of cultivable E. coli declined in water even without decontamination and E. coli was detected only sporadically in biofilms of control lines. This may be due to weaker attachment of E. coli on biofilms or higher sensitivity of E. coli to residual chlorine present in the inlet water, as compared to AdV40. However, these findings are consistent with previous studies highlighting the negligible survival of E. coli in water environments compared to certain enteric microbes (Leclerc et al. ) . It is important to take this limitation into consideration when waterborne outbreaks or contamination situations need to be investigated as the absence of E. coli is often misinterpreted as a proof of water safety (Tallon et al. ) . Due to rapid removal of E. coli, a detailed comparison between PAA and chlorine could not be conducted but some differences were observed.
There were no findings of culturable E. coli in PAA experiment after the start of decontamination. In contrast, E.
coli was detected in one of three parallel biofilm samples after 1 h of chlorine treatment and also a small amount of 
